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Multidrug-resistance-associated protein 1 (MRP1/ABCC1) is a
human ATP-binding cassette transporter that confers cell resis-
tance to antitumour drugs. Its NBDs (nucleotide-binding do-
mains) bind/hydrolyse ATP, a key step in the activation of MRP1
function. To relate its intrinsic functional features to the mech-
anism of action of the full-size transporter, we expressed the N-
terminal NBD1 domain (Asn642 to Ser871) in Escherichia coli.
NBD1 was highly purified under native conditions and was char-
acterized as a soluble monomer. 15N-labelling allowed recording
of the first two-dimensional NMR spectra of this domain. The
NMR study showed that NBD1 was folded, and that Trp653 was
a key residue in the NBD1–ATP interaction. Thus, interaction of
NBD1 with ATP/ADP was studied by intrinsic tryptophan fluore-

scence. The affinity for ATP and ADP were in the same range
(Kd(ATP) = 118 µM and Kd(ADP) = 139 µM). Binding of nucleotides
did not influence the monomeric state of NBD1. The ATPase
activity of NBD1 was magnesium-dependent and very low [Vmax

and Km values of 5×10−5 pmol of ATP · (pmol NBD1)−1 · s−1 and
833 µM ATP respectively]. The present study suggests that NBD1
has a low contribution to the ATPase activity of full-length MRP1
and/or that this activity requires NBD1–NBD2 heterodimer for-
mation.

Key words: ABC (ATP-binding cassette), ATP binding and hy-
drolysis, biochemical and NMR studies, MRP1/ABCC1 (multi-
drug-resistance-associated protein 1), nucleotide-binding domain.

INTRODUCTION

Multidrug-resistance-associated protein 1 (MRP1/ABCC1) be-
longs to the ABC (ATP-binding cassette) protein family [1], and
its overexpression confers multidrug resistance [2]. This pheno-
type, similar to that observed in cells overexpressing P-glyco-
protein (MDR1/ABCB1), another member of the ABC family
[1,3], is one of the major causes of failure in cancer chemotherapy
(see [4] for a review).

MRP1 presents the same global topology of most ABC trans-
porters, consisting of a repeat of transmembrane domains, and
NBDs (nucleotide-binding domains) characterized by the pre-
sence of Walker A, Walker B and ABC signature consensus
sequences. However, MRP1 also contains an additional N-proxi-
mal transmembrane domain and an extracytosolic N-terminus [5].
It is believed that MRP1 functions as an energy-dependent efflux
pump controlled by the hydrolysis of ATP, but we lack information
on the mechanism that couples ATP binding and hydrolysis at the
NBDs and drug transport. The aim of the present study was to
elucidate the intrinsic properties of the NBD1 domain of MRP1
and to relate it to the function of the full-length transporter. The
NBDs seem to play a central role in the activation–dimerization
process of MRP1 [6,7].

Similar approaches have been developed on isolated NBDs
from ABC transporters, but only few studies have focused on the
NBDs from MRP1 expressed as recombinant proteins in insect
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cells [6] or in Escherichia coli [8–10]. Most of those studies
were limited by their inability to express or purify large amounts
of recombinant domains, by the need to use fusion proteins to
produce soluble chimaera and by their tendency to form large
aggregates. These limitations have been overcome in the present
study for the NBD1 domain of MRP1, providing efficiently a high
amount of purified soluble protein. This allowed the biochemical
characterization of NBD1 and study of its interaction with
nucleotides by NMR and fluorescence. Discussion of our results
pertains specifically to the biochemical properties of isolated
NBDs and their role in full-length transporters.

MATERIALS AND METHODS

Construction of the recombinant NBD1 expression vector

Total RNAs were purified from the human cell line HL60/ADR
(Oncodesign, Dijon, France), using the High Pure RNA Isolation
Kit (Roche Molecular Biochemicals, Meylan, France). Reverse
transcriptase–PCR amplification of the NBD1 cDNA fragment
was performed with the Titan one-tube reverse transcriptase–PCR
system (Roche). The forward primer 5′-aattaatagcatcaccgtgag-3′

and the reverse primer 5′-gcggccgctcagctggcatagg-3′ were used,
where underlined bases correspond to the AseI and NotI restriction
sites respectively. PCR fragments were cloned into T-overhanging
pBlueScript and subcloned into pET28a (Novagen, Madison,

c© 2003 Biochemical Society



750 O. Ramaen and others

WI, U.S.A.), using appropriate enzymes (the AseI end of NBD1
cDNA being compatible with the NdeI end of pET28a). The final
expression plasmid construct was sequenced. The pET28a vector
allows the expression of an N-terminal His-tagged fused NBD1
protein (Asn642 to Ser871).

Overexpression and protein production

The E. coli BL21(DE3)pLysS (Novagen) was transformed with
recombinant pET28a-NBD1-MRP1 vector and grown at 37 ◦C
in yeast extract tryptone (2YT) medium (Difco, West Molesey,
Surrey, U.K.) containing kanamycin (30 µg/ml) and chlora-
mphenicol (34 µg/ml) until the absorbance at 600 nm reached
a value of 0.6 unit. Gene expression was induced with 0.5 mM
IPTG (isopropyl-1-thio-β-D-galactopyranoside; Promega, Char-
bonnières, France) for 20 h at 16 ◦C (A600 6–7). Then, cells were
harvested by centrifugation (10 000 g for 15 min) at 4 ◦C, frozen
in liquid nitrogen and stored at − 80 ◦C until use. For the pro-
duction of the 15N-labelled domain for NMR studies, expression
was performed in minimal M9 medium containing 0.1 %
[15N]ammonium chloride (Cambridge Isotope Laboratories,
Andover, MA, U.S.A.) as the sole source of nitrogen. The
production of recombinant domain was induced at a cell density
of 0.4 unit at 600 nm and continued overnight at 28 ◦C.

Protein purification

All purification steps were performed at 4 ◦C. The cell pellet from
2 litres of culture was resuspended in 60 ml of buffer A (25 mM
Tris/HCl, pH 8.0/500 mM NaCl/2 mM MgCl2/1 mM Pefabloc-
SC). Cells were lysed by sonication (5 s on/5 s off, 36 cycles) in
a Vibro cell sonicator (Fisher Bioblock Scientific, Illkirch Cedex,
France) and ultracentrifuged at 200 000 g for 60 min to sediment
the non-soluble fraction of the cell extract. The supernatant was
filtered (0.45 µM Minisart; Sartorius, Palaiseau Cedex, France)
and was applied at a flow rate of 1 ml/min on to a 5 ml Talon-
Superflow cobalt-affinity resin column (BD Clontech, St Quentin-
en-Yvelines Cedex, France), pre-equilibrated with buffer B
(25 mM Tris/HCl, pH 8.0/500 mM NaCl/2 mM MgCl2) and
connected to an ÄKTAexplorer system (Amersham Biosciences,
Little Chalfont, Bucks., U.K.). The column was washed with
buffer B plus 10 mM imidazole until the baseline (A280) was
reached. Proteins were eluted from the column with a 10–200 mM
imidazole gradient in buffer B at a flow rate of 2 ml/min. Fractions
were analysed by SDS/PAGE, and NBD1 (eluted between 70 and
100 mM imidazole) was collected. After concentration with a
centrifugal filter (Ultrafree; Millipore, St Quentin-en-Yvelines
Cedex, France) to a final volume of 10 ml, NBD1 was dialysed
against buffer C [25 mM Tris/HCl, pH 8.0/10 mM NaCl/2 mM
MgCl2/7 mM 2ME (2-mercaptoethanol)]. The dialysed sample
was filtered (0.22 µm Millex filter, Millipore) before application
on to 6 ml of ResourceQ anion-exchanger resin (Amersham
Biosciences), pre-equilibrated with buffer D (25 mM Tris/HCl,
pH 8.0/20 mM NaCl/2 mM MgCl2/7 mM 2ME). Proteins were
eluted with a linear gradient of 20–400 mM NaCl in buffer D
at a flow rate of 6 ml/min, and NBD1 emerged at 60–90 mM
NaCl. After concentration, protein samples (15–20 mg of NBD1
in 500 µl) were loaded on to a Superdex 75HR 10/30 column
(Amersham Biosciences), equilibrated with buffer E (25 mM
Tris/HCl, pH 8.0/150 mM NaCl/2 mM MgCl2/7 mM 2ME).
Elution profile was monitored at 280 nm using a flow rate of
0.3 ml/min. After SDS/PAGE analysis, NBD1 was collected and
stored at − 20 ◦C at an NBD1 concentration of 0.5–1 mM in
buffer D containing 50 % (v/v) glycerol. For the production of

thrombin-cleaved NBD1, 30 mg of His6–NBD1, purified on
Talon-Superflow cobalt was incubated with 250 units of human
thrombin in buffer D plus 2.5 mM CaCl2 overnight at 4 ◦C. After
digestion, the non-fused product followed the same purification
procedure on ResourceQ and Superdex columns. Protein con-
centrations were determined with the Bio-Rad protein assay using
BSA as a standard. SDS/PAGE was performed using a 15:0.37
acrylamide/bisacrylamide gel and stained with Coomassie Blue.
Molecular-mass markers were from Amersham Biosciences.

ATPase activity

ATPase activity of NBD1 was determined at 30 ◦C by following
the amount of radiolabelled Pi released during ATP hydro-
lysis. The [33P]Pi produced was isolated from [γ -33P]ATP
(Amersham Biosciences) using the charcoal method [11].
Standard reaction mixture (20 µl) contained, unless otherwise
indicated, 50 mM Tris/HCl (pH 8.0), 100 mM NaCl, 5 mM
MgCl2, 5 % (v/v) glycerol and 40–80 µM purified NBD1.
(Exceptions are mentioned in the Figure legends.) The reaction
was started by adding [γ -33P]ATP (1.2 mM, 15–30 Bq/pmol).
The reaction was stopped at the indicated time at 4 ◦C by adding
400 µl of a 4 % suspension of activated charcoal in 20 mM H3PO4

to aliquots (3 µl) of the reaction mixture. After centrifugation,
200 µl of supernatant was mixed with 3 ml of OptiPhase HiSafe
3 (PerkinElmer LifeSciences, Great Shelford, Cambridge, U.K.)
and counted in a Wallac 1414 liquid-scintillation counter. The
ATP-specific activity was controlled and the amount of [33P]Pi

produced was determined to evaluate the rate of ATP hydrolysis.

Fluorescence measurements

Binding of the nucleotide was monitored by changes in the
intrinsic tryptophan fluorescence of NBD1. Experiments were
performed in a 1 ml fluorimeter cuvette at 16 ◦C using an FS 2500
fluorescence spectrophotometer (Hitachi, Tokyo, Japan), with
spectral bandwidths of 2.5 and 5 nm for excitation and emission
respectively. NBD1 protein was diluted to 1–2 µM in 1 ml of
a buffer containing 25 mM Tris/HCl (pH 8.0), 100 mM NaCl
and 10 mM MgCl2, supplemented with increasing concentrations
of ATP/ADP. All spectra were corrected for buffer fluorescence
and for dilution (never exceeding 2 % of the original volume).
Excitation wavelength was adjusted to 292 nm and emission was
scanned over the range 300–500 nm.

NMR studies

Two-dimensional 15N-1H TROSY (transverse relaxation-opti-
mized spectroscopy) NMR spectra were recorded on a Varian
INOVA 600 MHz spectrometer equipped with a triple-resonance
1H/13C/15N 5-mm gradient probe, in the presence of 10 % (v/v)
2H2O, at 293 K, using the States-TPPI acquisition mode. Water
resonance was suppressed with a WATER-GATE sequence. Data
were processed on a Silicon Graphics workstation using the
Vnmr software, including shifted sine-bell apodization functions
in both dimensions, appropriate phase correction, zero filling and
Fourier transformation. 1H chemical shifts were referenced to
external 2,2-dimethyl-2-silapentane-5-sulphonic acid at 0 p.p.m.
15N chemical shifts were referenced indirectly using the 1H/15N
frequency ratios of the zero point [12]. Proton and 15N spectral
widths were 8000 and 1920 Hz respectively. The NBD1 protein
sample concentration was 500 µM in 400 mM phosphate buffer at
pH 6.3. 15N-1H TROSY spectra consisted of 256 FIDs of 16 scans
each and recorded on 2024 time-domain points. For interaction
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Figure 1 Sequence alignment of NBD1 of MRP1 with NBDs of known
structures

Homology-based sequence alignment of NBDs of ABC transporters. Numbers refer to the
sequence of MRP1. Human cTAP1 (C-terminal ABC ATPase domain of TAP1, where TAP1 stands
for transporter associated with antigen processing 1) [15], Methanococcus jannaschii MJ1267
[16], M. jannaschii MJ0796 [17], Salmonella typhimurium HisP [13] and Thermococcus litoralis
MalK [14]. The asterisk indicates the position of Trp653.

Figure 2 Expression and purification of NBD1-MRP1

(A) NBD1 protein was purified as described in the Materials and methods section and each purification step was analysed by SDS/PAGE (15 % gel) and Coomassie Blue staining. Lane 1, protein
molecular-mass standards; Lane 2, total bacterial proteins before induction; lane 3, total bacterial proteins of IPTG-induced cells; lane 4, 1 µg of His6–NBD1 purified on cobalt-chelating resin;
lane 5, 1 µg of His6–NBD1 after the ResourceQ purification step; lane 6, 1 µg of His6–NBD1 after the Superdex 75 purification step; lane 7, 1 µg of non-fused NBD1 obtained by thrombin treatment.
(B) Chromatographic profiles of Superdex 75 column showing the elution of 27 kDa NBD1-MRP1 in the absence (—) and presence (··-··-··) of 0.3 mM ATP in the buffer. A separate chromatographic
profile of 67 kDa BSA (- - -) indicates that the Superdex 75 column would efficiently resolve the NBD1 monomer from eventual dimers. The Superdex 75 column was calibrated with other proteins
(indicated by arrows): 1, 43 kDa ovalbumin; 2, 25 kDa chymotrypsinogen A; 3, 13.7 kDa RNase A. Protein concentration was recorded at A 280.

experiments between ATP and NBD1, ATP was added at a
1 mM concentration. For experiments in the presence of magne-
sium, MgCl2 was added at a concentration of 2 mM.

RESULTS

Design of the recombinant MRP1-NBD1 fragment

Characterization of NBD1 first requires defining its boundaries
within the complete MRP1 sequence; we have used sequence
alignment with NBD domains of known sequences and structures
[13–17] (Figure 1). According to this alignment, we expressed
the fragment Asn642 to Ser871 for NBD1 of MRP1. The re-
tained sequence contains the complete set of secondary-structure
elements that appear to be necessary for the domain to adopt a
native-like three-dimensional structure. The pET28a vector was
chosen to overproduce the NBD1 domain in E. coli as an
N-terminal His6-tagged protein. The construction adds a short
sequence of 20 amino acids at the N-terminus: MGSSHHHHH-
HSSGLVPRGSH that can be cleaved by thrombin treatment. The
His6-fused product (250 residues) and the non-fused NBD1 (233
residues) have theoretical molecular masses of 27 and 25.2 kDa
respectively.

Production and purification of the MRP1-NBD1 domain in a
monomeric state

The NBD1 domain was highly overexpressed after induction with
IPTG when cells were grown in a rich medium (2YT). Lowering
the induction temperature from 37 to 16 ◦C and extending the
induction period from 4–5 h to overnight increased the amount of
soluble NBD1. For the 15N-labelled protein, cells were grown at
28 ◦C in minimal medium. After induction by IPTG, NBD1 was
expressed as the major protein product in the total cell extract
(Figure 2A, lane 3) when compared with non-induced bacterial
cultures (Figure 2A, lane 2).
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Figure 3 ATPase activity measured on NBD1 chromatographic profiles

NBD1 samples purified on cobalt-affinity resin were applied on to ResourceQ 6 ml anionic-
exchanger (A) and gel-filtration Superdex 75HR 10/30 (B) columns. Protein elution was followed
by A 280 (line curve). High amounts of NBD1 were loaded on to both columns to allow detection
of ATPase activity with a good sensitivity. In these experiments, protein concentration was
measured in each fraction with the Bio-Rad protein assay. ATPase activity was followed on
25 µl of aliquots of each fraction by adding 5 µl of [γ -33P]ATP (final concentration 0.3 mM,
22 Bq/pmol) to start the reaction. ATPase activity (shaded bars) was monitored by measuring
the amount of [33P]Pi produced during 4 h at 30 ◦C as described in the Materials and methods
section. AU, absorbance unit.

All the buffers employed during the protein extraction, puri-
fication and storage procedures were devoid of any detergent or
denaturant. The first purification step of NBD1 was performed
using a cobalt-chelating resin (Figure 2A, lane 4). Although no
contaminants are visible on the Coomassie-Blue-stained gel after
the first purification step, a second purification step on an anionic
column (Figure 2A, lane 5) proved to be essential to eliminate
contaminating nucleotidases for ATPase activity studies on NBD1
(see below and Figure 3).

To analyse the apparent molecular mass of NBD1, Superdex 75
(fractionation sizes, 3–70 kDa) and Superdex 200 (fractionation
sizes, 10–600 kDa) columns were used. The protein (Figure 2A,
lane 6) eluted at an apparent molecular mass corresponding to a
monomeric NBD1 domain (Figure 2B). Less than 3% of the total
amount of protein was detected at higher molecular masses. The
presence of MgATP in the protein sample or in chromatographic
buffers does not modify this monomeric state (Figure 2B). Native-
gel electrophoresis also confirmed that a single band was observed
and no oligomerization of NBD1 could be detected.

The purification yields were 40 mg/l NBD1 from a culture in
2YT medium and 15 mg/l in minimal medium. The His6 tag
of NBD1 can be cleaved without loss of material and the non-
fused NBD1 run at the expected size on the SDS/polyacrylamide
gel (Figure 2A, lane 7). No significant differences in the enzymic

Figure 4 NBD1 ATPase activity and influence of magnesium

The intrinsic ATPase activity was determined with three-step purified NBD1 preparations
using [γ -33P]ATP as substrate. (A) ATPase activity of NBD1 was studied as a function of
its concentration in standard buffer after 240 min of incubation at 30 ◦C. (B) The ATPase
activity of NBD1 (80 µM) was determined in 40 µl of buffer (50 mM Tris/HCl, pH 8/100 mM
NaCl/5 % glycerol) in the presence of 5 mM MgCl2 (�) or in the absence of magnesium, but
with 1 mM EDTA (�). Aliquots (5 µl) were withdrawn at indicated times of the kinetics.

parameters were observed between His6-fused and -cleaved
NBD1.

ATPase activity of the purified MRP1-NBD1 domain

To determine the in vitro ATPase activity of the isolated NBD1,
we quantified the [33P]Pi produced during the hydrolysis of
[γ -33P]ATP by NBD1. We monitored the ATPase activity for each
fraction at every purification step and found that it was necessary
to perform three chromatographic steps to avoid contamination
with E. coli nucleotidases. We checked that the loss of the ATPase
activity was not due to a partial inactivation of NBD1 (Figure 3):
high ATPase activities were detected, and their maximum did
not overlap with fractions containing the NBD1 domain. The
rate of ATP hydrolysis by NBD1 was found to be very low, of
the order of 10−5 s−1 [0.02 nmol of Pi · (mg of NBD1)−1 · min−1].
Therefore incubation times were prolonged for several hours,
and we controlled the stability of the enzyme over this period
of time. As shown in Figure 4(A), the hydrolysis kinetics vary
linearly with the NBD1 concentration. We observed a 25%
decrease in activity when NaCl concentration increased from 10
to 250 mM. The activity was only slightly affected over the pH
range 7–9. Consistent with previous reports, ATPase activity was
fully dependent on the presence of Mg2+ (Figure 4B), since no
activity could be detected in the presence of EDTA. No significant
difference in activity was observed between the His6–NBD1 and
the non-fused NBD1 preparations, demonstrating that the His tag
was not perturbing our assay.

To evaluate the enzymic parameters of the NBD1-induced
ATP hydrolysis (Figure 5), the activity was measured as a
function of ATP concentration, and Michaelis–Menten curves
were determined. The values of Vmax and Km were 5 × 10−5 s−1

and 833 µM respectively. The ATPase activity of this MRP1-
NBD1 domain appears to be very low compared with previously
published results, characterizing isolated NBD domains of ABC
proteins. The Vmax value obtained shows that a single turnover
(1 ATP molecule hydrolysed per NBD1) would take several hours
under optimal conditions and more than 1 day at the experimental
rate of 10−5 s−1.

NMR analysis

All NMR spectra displayed peaks with relatively large linewidths,
but compatible with the mass of this protein (27 kDa). The two-
dimensional 15N-1H TROSY spectrum of NBD1 shown in Fig-
ure 6(A) correlates all amide protons to its attached nitrogen
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Figure 5 Enzymic parameters of NBD1 ATP hydrolysis

The rate of ATP hydrolysis was measured as a function of ATP concentration for an 80 µM
NBD1 sample, as described in the Materials and methods section. Each point corresponds to
the hydrolysis rate determined kinetically for 180 min. Inset shows the Eadie–Hofstee plot.

[18]. This spectrum presents a wide spectral dispersion in both
dimensions. The absence of a central cluster of unresolved
resonances, in the NMR spectra, as observed in unfolded proteins
or in molten globules, clearly demonstrates that the protein is
folded. This 15N-1H TROSY spectrum remained unaffected by
the addition of two equivalents of Mg2+ (results not shown). Two
peaks were observed in the chemical shifts range, where tryp-
tophan N-Hε side-chain correlations are usually observed, as
shown in rectangles in Figures 6(A) and 6(B). The position of
N-Hε in the tryptophan side chain is given in Figure 6(D). Two
tryptophan residues are present in the primary sequence of NBD1,
at positions 653 and 717. In the presence of ATP, one of the
two peaks disappears as a consequence of line broadening (Fig-
ure 6C). This modification indicates that one of the two tryptophan
residues is involved in ATP binding. However, the overall line
width observed in the spectrum was not affected by the presence of
ATP, and remained compatible with a molecular mass of 27 kDa.
Presence of significant amounts of dimers or larger oligomers
would lead to much larger line widths with hardly any signal
detectable.

The sequence alignment of Figure 1 allowed assignment of
these two tryptophan residues, Trp653 and Trp717. Trp653 in MRP1
is aligned with an aromatic residue (Tyr or Phe). In the known
crystal structures of NBD–ATP (or NBD–ADP) complexes, these
residues are involved in hydrophobic stacking with the adenine
ring. On the contrary, Trp717 belongs to a more variable region
situated far from the ATP molecule. We concluded that the
aromatic ring of Trp653 of NBD1 is in interaction with ATP.

In addition, a few other resonances of the Trosy spectrum are
affected in frequency or intensity by the presence of Mg2+ and
ATP. In particular, two resonances situated in the region of N-H
correlations of glycine residues (at low 15N chemical shift)
are shifted in the presence of ATP, and then disappear when
magnesium is added. These resonances are shown in Figure 6(A).
They could correspond to the glycine residues of the Walker A
consensus sequence, described previously to interact with the
phosphate group of ATP in ABC transporters [13].

Fluorescence measurement of the nucleotide binding to the
MRP1-NBD1 domain

Identification of Trp653 as a residue involved in ATP binding sug-
gested that it is possible to determine the NBD1–ATP dissociation

Figure 6 Heteronuclear spectra of NBD1

(A) 15N-1H Trosy-HSQC spectrum of NBD1. The black rectangle corresponds to the zoom
shown in (B, C). The two arrows indicate resonances that shifted in the presence of ATP, and
disappeared when magnesium was added. (B) Zoom of the black rectangle in (A). (C) Same
zoom in the presence of ATP and magnesium ion. (D) Structure of a tryptophan side chain,
showing the position of the Hε proton.

constant by measuring the intrinsic tryptophan fluorescence of
NBD1. Figure 7(A) shows that titration by ATP in the pre-
sence of magnesium ions decreased the fluorescence intensity
by 50% before reaching saturation. The decrease in intrinsic
fluorescence at 344 nm was monitored under the same conditions
for ATP or ADP and allowed the determination of Kd(ATP) value
of 118 +− 18 µM (Figure 7B) and a similar affinity for ADP
(Kd(ADP) = 139 +− 15 µM; results not shown). Interestingly, the
binding of the nucleotide to NBD1 was affected by the absence
of MgCl2 from the buffer. As illustrated in Figure 7(C), using
an almost-saturating ATP concentration of 1 mM, the decrease
in tryptophan fluorescence is much lower in the presence

c© 2003 Biochemical Society



754 O. Ramaen and others

Figure 7 Characterization of NBD1–ATP interaction by tryptophan intrinsic
fluorescence

(A) Fluorescence spectra of 1 µM nucleotide-free NBD1 (spectrum 1) and in the presence
of increasing concentrations of ATP (60 µM, spectrum 2; 170 µM, spectrum 3; 500 µM,
spectrum 4; 1.4 mM, spectrum 5; 3 mM, spectrum 6) as described in the Materials and methods
section. A.U., arbitrary unit. (B) Maximum quenching at 344 nm obtained after saturation of
NBD1 by ATP (λex = 292 nm). Values are expressed as a percentage of the maximal peak
fluorescence quenching, �F/�F max. The binding constant K d for the NBD–ATP complex was
determined from the double-reciprocal plot as shown in the inset. (C) Influence of magnesium
on ATP binding to NBD1 in a buffer containing 25 mM Tris/HCl (pH 8.0), 100 mM NaCl and
one of the following: 1 mM EDTA (spectrum 1), 100 µM ATP + 1 mM EDTA (spectrum 2),
1 mM ATP + 1 mM EDTA (spectrum 3) and 1 mM ATP + 1 mM EDTA + 5 mM MgCl2
(spectrum 4).

of EDTA when compared with the value obtained in the pre-
sence of an excess of MgCl2. These results indicate that magne-
sium increases the efficiency of the nucleotide–NBD1 complex
formation.

DISCUSSION

MRP1-NBD1 is purified as a soluble and monomeric protein

Results of the present study show that MRP1-NBD1 can be ex-
pressed very efficiently in E. coli, and that a highly purified protein

can be prepared as a folded and exclusively monomeric pro-
tein. Moreover, characterization of NBD1 reveals that the His6 tag
fused at the N-terminal can be removed by thrombin treatment
without loss of solubility or stability. A limited number of studies
have reported the expression and purification of the isolated
NBD1 of MRP1. Gao et al. [6] produced the MRP1-NBD1
domain (Arg617 to Ala932) in insect cells as a non-fused soluble
protein, but no further purification steps were described for
this protein fragment. Kern et al. [8] studied an NBD1 domain
encompassing Arg647 to Ile846, expressed in E. coli as a fusion
protein with MBP (maltose-binding protein) at the N-terminus,
and a His6 tag at the C-terminus. The resulting fused protein
(66 kDa) was shown to form oligomers with apparent molecular
masses of more than 2000 kDa. Compared with our protein,
this construct lacks approx. 25 residues at the C-terminus. These
residues are involved in secondary-structure elements in NBDs
of known structures (referred to as α8 and α9 in the structure of
HisP (histidine permease) [13]). In contrast with the Asn642 to
Ser871 MRP1 fragment, the absence of these elements might
expose hydrophobic regions of the protein, leading to aggregation.
Recent works have described production of the fused NBD1 with
different N- and C-terminal ends: NBD1 fragments encompassing
either Asp657 to Asn819 fused to MBP and the FLAG epitope [10] or
residues Lys614 to Lys959 fused to MBP or glutathione S-transferase
[9]. Unfortunately, no specific description of the monomeric or
oligomeric state of these one-step purified protein preparations
was available in these reports. Hence, we cannot evaluate the
role of the 52 residues deleted or the 88 residues added at the C-
terminal end as compared with our NBD1 fragment. Although the
type of expression system might influence the tendency to form
oligomers and aggregates, our results demonstrate that a careful
design of the domain also plays a crucial role.

Trp653 is involved in the NBD1–ATP complex formation

The close interaction between Trp653 and the adenine ring of ATP
identified by NMR in the present study recalls the stacking of the
adenine ring of ADP/ATP with an aromatic residue in the known
NBD crystal structures of ABC transporters [13,15–17]. This
indicates that the local binding site of NBD1 of MRP1 is probably
very similar to those described previously. The mutation of the
equivalent residue in HisP (Tyr16) abolishes both ATP binding and
histidine transport [19]. Unexpectedly, certain mutations of aro-
matic residues, which are equivalent in NBD1 and NBD2 of CFTR
(cystic fibrosis transmembrane conductance regulator) to Tyr16 in
HisP (and to Trp653 in MRP1), had no influence on the CFTR
channel function [20]. This suggests that the ATP-binding mode
could be different in CFTR from that observed in MRP1, which
is somewhat surprising in the same subfamily of ATP transporters
(the NBDs of CFTR and MRP1 share 40% sequence identity).
This conserved aromatic residue is not found in the structures
of proteins presenting less sequence identity such as BtuCD or
Rad50 [21,22].

The NBD1–nucleotide complex formation was studied by
intrinsic fluorescence of the protein. To our knowledge, this is the
first direct measurement of the MRP1-NBD1–nucleotide affinity,
avoiding the use of fluorescent nucleotide analogues. Titration
curves of NBD1 by MgATP or MgADP gave quite similar Kd

values for both nucleotides (118 µM for ATP and 139 µM for
ADP). A somewhat higher affinity was described by competitive
displacement of TNP-ATP [2′(3′)-O-2,4,6-trinitrophenyl-ATP] on
MBP-fused NBD1 [8] and a lower affinity for ADP when com-
pared with ATP was proposed, using a shorter NBD1 construct,
as the result of ATPase competition experiments [10]. How-
ever, as shown in sequence alignment (Figure 1), our NBD1
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includes the first β-sheet described in known three-dimensional
structures. This structural element contains Trp653.

Isolated NBD1 has a very low ATPase activity

The intrinsic ATPase activity of the NBD1 domain was found to
be extremely low, up to 660 times lower when compared with
previously published results on recombinant MRP1-NBD1. This
low catalytic activity, evaluated over the range of 10−5 s−1, appears
to be an intrinsic property of NBD1 protein. We found a Vmax

value for the ATPase activity of 0.1 nmol of Pi · mg−1 · min−1 as
compared with the reported Vmax values of 6–10 and 66 nmol
of Pi · mg−1 · min−1 for fused NBD1 [8–10]. These 2–3 orders of
magnitude differences in the NBD1 ATPase activity of MRP1
could be a consequence of differences in (i) sizes of the generated
domain, (ii) fusion partner and (iii) monomeric or oligomeric
state of the protein. However, a very important factor seems
to be the degree of purity of NBD1 preparations. We evaluated
the ATPase activity of NBD1 during its purification (Figure 3):
it was necessary to perform three chromatographic steps to
avoid contaminations with E. coli nucleotidases. The ATPase
activities, obtained after the first purification step, were not always
constant, and were often higher than the activity observed after
the second or third purification step. This indicates that, after the
first chromatography step, contaminant ATPases that were not
detectable on the Coomassie-Blue-stained gels contribute to the
overall ATPase activity. Consequently, our results show that
the ATPase activity of highly purified NBD1 is very low and
its maximum rate shows that it would take several hours for a
single turnover to be reached.

The NBD1 ATPase activity is also several orders of magnitude
lower than that reported for the full-length protein. ATPase values
from 10 to 460 nmol of Pi · mg−1 · min−1 were measured for
purified human MRP1 [23,24]. Our results would indicate that
NBD1 has a low contribution to the overall ATPase activity of
MRP1. However, it is not clear whether the ATPase activity
of NBD1 in full-length MRP1 is also low or not, or whether
this low activity of the recombinant NBD1 is a consequence of
lack of interactions with other parts of the molecule, such as
the LSVGQ signature sequence of NBD2. For P-glycoprotein, the
two NBDs are highly similar in sequence, ATP hydrolysis
occurring alternatively at each NBD [25]. On the contrary, in
MRP1, the two NBDs are significantly more divergent, and were
not found to be functionally equivalent [6,7,26–28]. It has been
suggested that NBD1 would be the site for ATP binding, leading
to a positive allosteric stimulation of ATP hydrolysis at NBD2
[29,30]. The very low intrinsic ATPase activity of NBD1 observed
in the present study is consistent with that model.

Role of magnesium in the nucleotide binding/hydrolysis cycle

Modifications described above in the NMR spectra and involving
Trp653 did not require the presence of magnesium. The magnesium
ion is expected to interact with the γ -phosphate of ATP and the
aspartic residue of the Walker B sequence, to catalyse hydrolysis.
However, this ion should not be critical for the binding of the
adenine and ribose groups. On the contrary, the modifications
observed in the region of glycine residues and proposed to be gly-
cine residues of Walker A are dependent on magnesium. The
glycine residues of Walker A (e.g. Gly42 and Gly44 of HisP,
corresponding to Gly681 and Gly683 of MRP1) have been described
to interact with the phosphate groups of ATP. The NMR results
are consistent with induction of local structural rearrangement in
the presence of magnesium, allowing correct phosphate binding.
Similarly, the decrease in tryptophan fluorescence observed by

the NBD1–ATP complex formation was greatly influenced
by the presence of magnesium. Our experiments indicate that
the presence of magnesium was not essential for the binding
of the nucleotide, but increases the affinity of the NBD1 for ATP
and plays a crucial role in the mechanism of the ATP hydrolysis
reaction.

Gel-filtration experiments, native electrophoresis and NMR
results all showed that the presence of magnesium and ADP
and/or ATP did not modify the monomeric state of NBD1. Also,
the rate of ATP hydrolysis displayed a linear response with protein
concentration, showing that the intrinsic ATPase activity of NBD1
did not depend on dimer formation. The inability of NBD1 to
self-associate probably prevents the formation of intermolecular
NBD1–NBD1 dimers in full-length MRP1 molecules, thus
favouring an intramolecular NBD1–NBD2 interaction believed to
be necessary for the correct activation of ABC transporters. This
characteristic was not observed for ABC transporters presenting
a single NBD, such as HisP [31] or BtuD [22].

The lower affinity of the isolated NBD1 for ATP observed in
the present study when compared with that of the full-length
MRP1 (the Kd value is 8-fold higher for NBD1 than for MRP1)
[29] could be due to the presence of additional interactions
at the NBD1–NBD2 heterodimer interface in MRP1. In parti-
cular, the ABC signature of NBD2 could stabilize the nucleotide
binding at NBD1. Studies of the ability of recombinant NBD1
and NBD2 to interact with each other and to influence their
ATP binding/hydrolysis cycle are necessary to understand the
activation mechanism of the full-length transporter and to describe
the interface of this heterodimer.
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